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It is widely known that differential land subsidence in a valley significantly 
controls its fluvial dynamics. Nevertheless, major uncertainty exists about 
the way in which alluvial forms respond to this process. In this study, 
morphological and lithostratigraphic data have been combined with 
Advanced Differential Interferometry (A-DInSAR) to detect changes in 
alluvial landform elevations and to verify the existence of a differential 
subsidence pattern influenced by active sedimentary dynamics. For this 
purpose, the middle reach of the Segura River valley (Vega Media of the 
Segura River, VMSR), in south-east Spain, was chosen as the study area. 
The VMSR is an alluvial area affected by subsidence processes in close 
conjunction with depositional conditions, ground-water withdrawals and 
faults. A high scale mapping of the main younger sedimentary units was 
carried out by combining multi-temporal aerial photographs, high 
resolution DEMs derived from LIDAR data, GNSS data and field work. In 
addition, lithostratigraphic descriptions were obtained from geotechnical 
drilling and trenching. Finally, ground surface displacements, measured 
using A-DInSAR for the periods 1995-2005 and 2004-2008, allowed the 
determination of elevation rates and ground deformation associated with 
the different alluvial units. The results from this analysis revealed four 
typical deformational behaviours: a) Non-deformational units (cemented 
alluvial fans and upper fluvial terraces); b) Slightly deformable units (lower 
terraces and old abandoned meanders); c) Moderately deformable units 
(lateral accretion zones and abandoned meanders before channelisation in 
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1981); and d) highly deformable areas (recently active meanders 
associated with artificial cutoffs by channelisation, non-active floodplains 
and spilling zones). 
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Abstract      14 
It is widely known that differential land subsidence in a valley significantly controls its fluvial dynamics. 15 
Nevertheless, major uncertainty exists about the way in which alluvial forms respond to this process. Alluvial 16 
sediments constitute loose and unconsolidated deposits characterized by their low strength and bearing capacity. 17 
These sedimentary units have a moderate to very high compressibility, which depend mainly on the physical 18 
properties of the sediments and depositional environments. In this study, morphological and lithostratigraphic 19 
data have been combined with Advanced Differential Interferometry (A-DInSAR) to detect changes in alluvial 20 
landform elevations and to verify the existence of a differential subsidence pattern influenced by active 21 
sedimentary dynamics. For this purpose, the middle reach of the Segura River valley (Vega Media of the Segura 22 
River, VMSR), in south-east Spain, was chosen as the study area. The VMSR is an alluvial area affected by 23 
subsidence processes in close conjunction with depositional conditions, ground-water withdrawals and faults. A 24 
high scale mapping of the main younger sedimentary units was carried out by combining multi-temporal aerial 25 
photographs, high resolution DEMs derived from LIDAR data, GNSS data and field work. In addition, 26 
lithostratigraphic descriptions were obtained from geotechnical drilling and trenching. Finally, ground surface 27 
displacements, measured using A-DInSAR for the periods 1995-2005 and 2004-2008, allowed the determination 28 
of elevation rates and ground deformation associated with the different alluvial units. The results from this 29 
analysis revealed four typical deformational behaviours: a) Non-deformational units (cemented alluvial fans and 30 
upper fluvial terraces); b) Slightly deformable units (lower terraces and old abandoned meanders); c) Moderately 31 
deformable units (lateral accretion zones and abandoned meanders before channelisation in 1981); and d) highly 32 
deformable areas (recently active meanders associated with artificial cutoffs by channelisation, non-active 33 
floodplains and spilling zones). 34 
 35 
Keywords  A-DInSAR, alluvial sediments, morphological units, lithostratigraphy, land subsidence, Vega 36 
Media of the Segura River, Spain. 37 
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 38 
Introduction 39 
 40 
Differential Synthetic Aperture Radar Interferometry (DInSAR) is a radar remote sensing technique that enables 41 
the measurement of surface displacement with a centimetre to millimetre accuracy and with a large spatial 42 
coverage capability. It exploits the phase difference between two SAR (Synthetic Aperture Radar) images ac-43 
quired over the same area in different epochs, providing measurements of the ground displacement component 44 
along the radar line of sight (LOS). Advanced DInSAR (A-DInSAR) techniques compute displacement time 45 
series from the multi-image analysis, typically a few dozen SAR images. A review of the application of these 46 
techniques to the detection and measurement of different types of subsidence phenomena (mining, sinkholes, 47 
ground water withdrawal and those related to volcanic environments) was elaborated by Tomás et al. (2014). 48 
The use of DInSAR for the study of subsidence due to aquifer abstraction was applied first by Galloway et al. 49 
(1998), and subsequently to other aquifer systems worldwide. These works document: (1) the spatial and 50 
temporal evolution of aquifer deformation (Galloway and Hoffmann 2007; Heleno et al. 2011; Herrera et al. 51 
2009a; Cigna et al. 2012; Raspini et al. 2012; Stramondo et al. 2008; Tomás et al. 2005; Vilardo et al. 2009; 52 
Peduto et al. 2015); (2) numerical models capable of reproducing aquifer related subsidence (Calderhead et al. 53 
2011; Herrera et al. 2009b; Hoffmann et al. 2003; Raspini et al. 2014; Tomás et al. 2010); (3) urban areas and 54 
structures affected by ground subsidence (Karila et al. 2005; Cascini et al. 2007; 2013; Bru et al. 2010; Herrera 55 
et al. 2010; Tapete et al. 2012; Tomás et al. 2012; Sousa et al. 2013; Sanabria et al. 2014). Within this regional 56 
context of subsidence induced by groundwater abstraction, there are no previous works targeting different 57 
deformational behaviours in alluvial forms with different lithofacies and sediment ages. Therefore, we propose 58 
the combination of A-DInSAR displacement measurements with lithostratigraphic data and precise LIDAR-59 
derived Digital Elevation Models (DEM) as a complementary tool for monitoring deformation and elevation 60 
rates of alluvial morphological units. For this purpose, the Vega Media of the Segura River (VMSR) has been 61 
chosen as the study area. In this area, A-DInSAR has been broadly applied to measure, characterise and model 62 
regional subsidence triggered by water withdrawal (Herrera et al. 2009a, 2009b, 2010; Tomás et al. 2005, 2010, 63 
2011). However, it has not yet been used to detect different deformation patterns in the alluvial forms. The study 64 
of this differential ground deformation in relation to natural consolidation processes or those induced by 65 
groundwater extractions is crucial in alluvial valleys having a high population pressure. Buildings and civil 66 
infrastructures can be seriously damaged by these processes. The deformation is often presumed to be 67 
continuous. However, in many of these valleys the subsidence of buildings in urban areas is non-continuous, due 68 
not only to differences in their foundations but also to their settlement on alluvial units of uneven consistency. In 69 
these cases, the major advantage of the A-DInSAR techniques over measurements of leveling would be the more 70 
extensive and frequent monitoring of the subsiding units.  71 
Consequently, the main aim of this paper is to explode morphological and lithostratigraphic data, jointly with 72 
Advanced Differential Interferometry (A-DInSAR) information, to detect changes in alluvial landform 73 
elevations and to verify the existence of a differential subsidence pattern influenced by active sedimentary 74 
dynamics. 75 
 76 
Study area 77 
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 78 
The Vega Media of the Segura River (VMSR) (100 km2) is located at the eastern end of the Betic Cordillera, in 79 
the Lower Segura valley. This area lies over the contact between the Internal and External Zones (Montenat 80 
1977; Fig. 1), and as a result it participates in the geo-tectonic features of both domains. Consequently, the mate-81 
rials on the southern border of the VMSR (Internal Zone) consist of Permian-Triassic rocks, Neogene materials 82 
and Pleistocene colluvial deposits. In contrast, the northern border (External Zone) is mainly made up of 83 
sedimentary rocks (marls, sandstones and conglomerates) belonging to the Upper Miocene-Pliocene. Normal 84 
faults and strike slip faults occurred from the pre-Tortonian up to the Quaternary in the Internal Zone, while the 85 
External Zone was dominated by a Neogene compressive deformation. In this context, the VMSR makes up part 86 
of the extensive valley in an ENE-WSW direction, controlled by active faults, particularly the Crevillente fault to 87 
the north and the Carrascoy fault to the south. The mountainous fronts that border the valley were elevated by 88 
the reactivation of both faults in the final Miocene period, and were touched up by the tectonic activity that is 89 
still active today (Alfaro 1995; Rodríguez-Estrella et al. 1999). Since the Pliocene epoch, several generations of 90 
alluvial fans have developed at the base of these mountainous fronts (Goy and Zazo 1989), their most recent 91 
formations (Later Pleistocene - Holocene) converging laterally in the alluvial plain of the Segura River.  92 
As a result of neotectonic processes, variations in the sea level (Soria et al. 2001) and the considerable supply of 93 
sediments generated by the Segura and Guadalentín Rivers during the Pleistocene and Holocene epochs, the 94 
valley has a thick alluvial filling in the study area.The most recent deposits from the alluvial units within this 95 
area, mainly composed of silts, clays and sands as described in detail in next sections, are potentially deformable 96 
and also include the most problematic type of sediment from a geotechnical point of view (i.e. the most 97 
unconsolidated and deformable when affected by an increase in effective stress). Rodríguez Jurado et al. (2000), 98 
Mulas et al. (2003) and Tomás (2009) made geotechnical characterisations of all these materials for the VMSR 99 
based on boreholes logs, laboratory tests performed on undisturbed samples and in situ tests. They showed that 100 
the sedimentary rocks protruding at the valley borders, which are also found at some depth within the floodplain, 101 
are characterised by low to negligible compressibility, while, above them, the recent shallow sediments exhibit 102 
moderate to high compression capacity.  103 
 104 
Alluvial forms used in the analysis 105 
 106 
In this study the following adjacent alluvial units have been defined and delineated in the VMSR: i) active 107 
channels for different dates (ACH 192X, ACH 1956, ACH 1981, ACH 2009); ii) lateral accretion zones (LAC); 108 
iii) artificial cut-offs by channelisation in 1981 (AC); iv) abandoned meanders before channelisation (AMP); v) 109 
non-active floodplain and spilling zones (FP-SP); vi) fluvial terraces (T, G-T and SG-T); and vii) alluvial fans 110 
(AF, GAF and AFG). Aerial photographs showing some of these alluvial units are included in Fig. 2. 111 
i) Active channels (ACH 192X, ACH 1956, ACH 1981, ACH 2009) refer to reaches of the Segura River which 112 
had geomorphological activity in these years and soon ceased to be functional. 113 
ii) Lateral accretion zones (LAC) observed during 1956. For the present study, we have considered the surface 114 
demarcated in 1956, shortly after the great flood of 1948, which caused considerable morphological changes 115 
throughout the Lower Segura River. According to this demarcation, the development of the LAC was significant 116 
3 - 4 km upstream from the city of Murcia. 117 
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iii) Unit AC is composed of artificial cutoffs and isolated meanders produced during the 1981 channelisation. 118 
iv) Abandoned meanders before channelisation (AMP). Before channelisation in 1981, the fluvial planform of 119 
the Lower Segura River was a classic meandering channel pattern, associated with sediment-laden fine-grained 120 
flows and sandy bed loads, which was slightly modified by the partial confinement of embankments or levees. 121 
The construction of a large number of reservoirs in the headwater area, during the 20th century, has considerably 122 
reduced the sediment transport during flood events, especially coarse material loads. 123 
v) Non-active floodplain and spilling zones (FP-SP). These are areas affected by the overflowing of the Segura 124 
River during flood events or the breakage of the levees that protect its banks. As an example, we demarcated for 125 
the period 1879-1956 the surface corresponding to these alluvial units using borehole data and aerial photo-126 
graphs. 127 
vi) Fluvial terraces (T, G-T and SG-T). The best defined fluvial terraces within the VMSR are mostly 128 
concentrated on its extreme northwestern side, in the area known as La Contraparada, Alcantarilla (Fig. 1). This 129 
is the narrowest part of the VMSR, being flanked by modest reliefs which originated in post-Miocene times. 130 
Along this reach, the Segura registered several phases of aggradation and incision during the Quaternary period 131 
associated with different climatic fluctuations and tectonic manifestations. The result is a system of alluvial 132 
terraces, built on a base of continental conglomerates from the Late Miocene. This system consists of three 133 
terrace levels with a height ranging between 14 and 21 m above the current river thalweg: T1 (21 m), T2 (17 m) 134 
and T3 (14 m).  135 
These fluvial terraces are found on both banks of the river. To the north, on the left bank of the river, the upper 136 
terrace level comes into lateral facies contact with an alluvial piedmont plain from the Pleistocene (G-T1). 137 
However, on the right bank located further to the south, the lowest terrace passes laterally to a mixed alluvial 138 
unit composed of fine materials which were deposited by the Segura River and its main tributary, the 139 
Guadalentín River (SG-T3). This sector functioned as a convergence zone for both fluvial systems throughout 140 
the Holocene (Calmel-Avila 2000), but has now lost this feature. In fact, its vertical sediment accretion has been 141 
practically interrupted due to human activity in the last two centuries (construction of reservoirs upstream and 142 
by-pass channels). 143 
vii) Alluvial fans (AF, GAF and AFG). This unit consists of a group of alluvial sedimentary bodies extended into 144 
a fan shape from the surrounding sierras and from the Lower Guadalentín River. These are grouped into three 145 
subunits with different morphology and sedimentary facies: AF, alluvial fans developed on the north side of the 146 
Sierra de Carrascoy, which includes the AF1 system to the West and the AF2 system to the East; GAF, the 147 
Guadalentín River alluvial fan joining the Segura River; and AFG1 and AFG2, alluvial fans bordered to the East 148 
by the GAF subunit.   149 
AF subunits.  These alluvial fans are affected by the Carrascoy Fault, so that their apical areas have great 150 
thickness (more than 40 m in the AF1 system) and high longitudinal slopes (> 0.12). They participate in many of 151 
the features that characterise this type of landform in the Internal Zone of the Betic Cordillera. In this area, 152 
eustatic cycles, together with different rates of subsidence or uplift, have led to a complicated pattern of 153 
allogenic control over the stratigraphic architecture and the distribution of sedimentary facies in alluvial fan 154 
systems (Harvey 1990; Silva et al. 1992; Calmel-Avila 2002). 155 
GAF Subunit.  This refers to an extensive and lengthened alluvial fan constructed by fine sediments from the 156 
Guadalentín River on reaching the Segura. This is a progradant interior delta over the alluvial plain of the 157 
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VMSR, generated during the Late Pleistocene-Holocene by overflows from distributary channels at the end of 158 
the Guadalentín (DCH-G). 159 
AFG subunits.  These form a system of coalescent alluvial fans of hardly any thickness at all. Its sediment source 160 
areas belong to mountainous fronts of moderate energy caused by postmantle deformations that affected 161 
materials from the Miocene age (sandstones, conglomerates and marls). Recent tectonic manifestations, in the 162 
upper Pleistocene and Holocene, associated with the Alhama-Alcantarilla fault, affected the local base level of 163 
several left-bank tributaries of the Guadalentín, thus speeding up erosion processes upstream and increasing 164 
influxes of sediment into the main collector. Nevertheless, this side is less tectonically active than the southern 165 
one and leads to the formation of lower-gradient alluvial fans (gradient less than 0.12). 166 
 167 
Data and methods 168 
 169 
Lithostratigraphic data 170 
 171 
Borehole stratigraphic logs and data are often used for detecting subsidence processes in plains and urban areas 172 
(Cinti et al. 2008; Dang et al. 2014). In this study, descriptions have been used from geological columns of a 173 
total of 46 deep boreholes and 385 geotechnical and hydrogeological surveys of 15 to 20 m depth available for 174 
the VMSR. The boreholes were made by the Hydrographic Confederation of the Segura (CHS, Ministry of 175 
Environment), the Geological Survey of Spain (Ministry of Science and Innovation), EMUASA, the Municipal 176 
Water and Sanitation Company of Murcia, and various specialized geotechnical companies. The drilling method 177 
commonly employed was recovery rotational rolling control. Due to the low consistency of the material 178 
traversed, it was decided in many cases to drill dry, thus facilitating better recognition of the stratigraphy. The 179 
work included test drilling "in situ", specifically dynamic standard penetration (SPT) and the cone penetrometer 180 
test (CPT). Geotechnical reports and studies provided by the Official College of Architects of Murcia, the 181 
Directorate General of Heritage (Autonomous Community of the Region of Murcia) and different testing 182 
laboratories were collected. From each geotechnical report, data relating to particle size, plasticity limits, natural 183 
moisture content, compressive strength, porosity index, consolidation ratio and dry density were taken. With the 184 
information collected, we developed our own database, operated from ArcGIS for the analysis and spatial 185 
correlation of the lithostratigraphic columns across the VMSR. 186 
In addition, field work was performed to determine the main lithofacies of the alluvial forms (e.g. fluvial terraces 187 
and alluvial fans) remaining visible through holes and trenches dug as part of civil works. These lithofacies were 188 
referred to using the codes and descriptions proposed by Miall (1996) (Table 1) and different granulometric 189 
parameters were computed: the median grain size (D50), the size of the coarse fraction represented by D84 (84
th 190 
percentile), and the sediment classification according to Trask’s Sorting Index. 191 
 192 
Delineating spatial boundaries and mapping alluvial forms 193 
 194 
In order to map the alluvial units, aerial photographs from the following flights were selected: Ruiz de Alda at 195 
1/10000 scale (1928), USAF56 at 1/30000 scale (1956), the Regional Government of Murcia at 1:18000 scale 196 
(1981) and the PNOA (National Plan of Aerial Orto-photography) at high resolution (2009). The demarcation of 197 
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the alluvial forms identified from the photo-interpretation has been validated in the field with the support of the 198 
Global Navigation Satellite System (GNSS), using a Trimble positioning receptor (geoXT model), achieving 199 
sub-metric precision. Field data correction was carried out using Trimble's Pathfinder Office 4.2 software with 200 
RINEX data acquired by the Meristemum Network Service’s GNSS of the General Directorate for the 201 
Environment of the Regional Government of Murcia.  202 
Additionally, in order to complement the spatial mapping of the alluvial forms, a Digital Elevation Model was 203 
elaborated with a 1 m pixel resolution using LIDAR data (PNOA, 2009). The PNOA mission used a RieglLMS-204 
Q680 sensor, which provided the following technical features: a nominal density of 0.5 points per square metre, 205 
a nominal distance between points of 1.4 m, and an altimetric precision of the RMSE point cloud of less than 206 
0.20 m. The retrieved LIDAR data were processed using the freely available software FUSION LIDAR/IFSAR 207 
v. 2.9 of the Forestry Service of the US Department of Agriculture (USDA). 208 
 209 
Advanced Radar Interferometry (A-DInSAR) 210 
 211 
Stable Point Network (SPN) is an advanced differential interferometric processing technique (A-DInSAR) that 212 
incorporates both the Persistent Scatterer (PS) and Small Baseline (SB) approaches (Arnaud et al. 2003, Duro et 213 
al. 2005). The basis of the SPN technique is the separation of the different components of the phase difference: 214 
displacement, topographic error, atmospheric effects and the uncertainties in the sensor precise orbit information. 215 
The SPN software uses the DIAPASON interferometric algorithm for handling SAR data (e.g. co-registration 216 
and interferogram generation). Linear model fitting methodologies generate three main products starting from a 217 
set of Single Look Complex (SLC) SAR images: (a) the average displacement velocity along the line of sight 218 
(LOS) of every persistent scatterer (PS); (b) a map of precise reflector heights (the difference between the 219 
heights being given by the digital elevation model and the true height of each reflector; and (c) the LOS 220 
displacement time series of each individual PS. A minimum number of images is required, depending on the 221 
wavelength of the SAR sensor, the considered time period, and the temporal lapse among SAR image 222 
acquisitions. An increase in the number of images contributes to the improvement of the quantity and accuracy 223 
of the displacement results. 224 
In this study the full resolution approach has been used to select the suitable measurement points (PSs) due to the 225 
high electromagnetic response of the radar signal (backscattering) in urban environments such as Murcia city. 226 
The SPN algorithm has been applied to images acquired from descending orbits by the European Space Agency 227 
(ESA) ERS-1/2 and Envisat ASAR sensors, covering two periods: July 1995-October 2005 and January 2004-228 
December 2008 (Table 2). A crop of about 20 km x 8 km was selected from the 100 km x 100 km SAR images 229 
acquired, corresponding to the VMSR (Fig. 1). Each interferometric pair has been selected with a perpendicular 230 
spatial baseline of less than 800 m, a temporal baseline shorter than 6 years in the case of 1995-2005 and 3 years 231 
in the case of 2004-2008 and a relative Doppler centroid difference of under 400 Hz. The DEM of the Shuttle 232 
Radar Topography Mission (SRTM) has been used. The pixel selection for the estimation of displacements was 233 
based on a combination of several quality parameters including low amplitude standard deviation and high 234 
model coherence. The SPN technique permitted to detect a total amount of 31474 and 20460 PS within the 235 
VMSR (200 km2 area) for both analysis periods. The validation experiments (Herrera et al., 2009a,b and Tomás 236 
et al., 2011) performed between SPN displacement measurements and the extensometric network of Murcia, 237 
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provided a similar cumulative error (± 6 mm) for the periods 1995-2005 and 2004-2008. In line with this, we 238 
define the stability range between – 6 mm and + 6 mm of cumulated displacement. Hereafter subsidence will be 239 
referred to as DInSAR negative displacement measurements, whereas positive displacement measurements will 240 
be referred to as uplift. 241 
The maps of the cumulative displacement in August 2005 and December 2008, estimated along the LOS, and 242 
obtained by the SPN technique for both periods, are presented in Fig. 3. Note that the measurements along the 243 
LOS underestimate the vertical displacement caused by land subsidence as mentioned by Vilardo et al. (2012), 244 
Cascini et al. (2013) and Peduto et al. (2015). In order to analyse the relationship between the fluvial units the 245 
subsidence rates have been compared considering different parameters (present distance from the river, meander 246 
abandonment phase and type of filling sediment). The average and standard deviation of the deformation rates 247 
were measured in Persistent Scatterers (PSs) included within these units. Table 3 shows the area and the 248 
coverage of InSAR for the different alluvial units considered in the analysis. In the following section 249 
displacement measurements have been spatially compared with the previously mapped alluvial units in the 250 
VMSR. Note that some uncertainties are inherent to this approach because ground surface displacements also 251 
depend on the effective stress change caused by water level decline. However, for a similar water level decrease 252 
more compressible sediments may cause larger expected settlements.  253 
 254 
Historical changes in alluvial landform elevations based on lithofacies and A-DInSAR 255 
data 256 
 257 
The spatial analysis of the cumulative displacement distribution in the different mapped morphological units 258 
(Fig. 3) allowed the computation of the mean subsidence rate, the standard deviation and the extreme values (i.e. 259 
maximum and minimum) for each unit (Fig. 4). It is assumed that the mapped alluvial units were affected by a 260 
similar water level drop for each temporal period under study (i.e. 5-8 m for 1995-2005 and 4-6 m for 2004-261 
2008; Mulas et al. 2010), and as a consequence their compressibility mainly depends on the soft sediment 262 
thickness of each morphological unit. It is worth noting that this assumption could be locally modified due to 263 
point withdrawals and spatial changes on infiltration due to rainfall or irrigation, although the induced stress 264 
change can be considered quite uniform at basin scale. For both periods analysed, the maps of cumulative 265 
displacement estimated along the LOS (Fig. 3) revealed that subsidence was more intense in the floodplain of the 266 
Segura River, especially to the northeast and south of Murcia city - where values of cumulative subsidence 267 
around 120 mm and 65 mm, respectively, were recorded. Overall, the subsidence phenomenon in the period 268 
2004-2008 (5 mm/yr on average) was more intense than that of the period 1995 – 2005 (2 mm/yr on average).  269 
Fig. 4 shows that the greatest mean accumulated displacements (from -11.6 to -15 mm for the period 1995-2005 270 
and from -22.2 to -30.4 mm during 2004-2008) occurred in the PSs within the more recently active channels 271 
(ACH 1956, ACH 1981, ACH 2009). It supposes a maximum average subsidence rate of 4.44 to 6.09 mm/year 272 
for the second analysis period. In this period, the standard deviation values were also higher for this unit (16.3 to 273 
20.9). The course of these channels seems to be restricted by a fringe or a meander belt which suffered an 274 
important piezometric decrease between 2005 and 2007 (Mulas et al. 2010). In 2004, the Hydrographic 275 
Authority drilled a total of 24 deep wells to maintain water supplies during drought periods (CHS 2007a). At 276 
least 80 % of them were drilled less than 1000 m from the river channel. These wells currently withdraw 277 
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important water flows from the deep aquifer (gravel unit) (average depth > 240 m), pumping 80-160 l/s (CHS 278 
2007a). In addition, at distances of less than 2000 m from the river course, 38 wells were drilled for urban 279 
purposes, as well as six industrial wells with shallower depths and 37 legalised agricultural wells with an average 280 
pumping discharge of 55 l/s (CHS 2007a). This intense exploitation of the VMSR aquifer system near the Segura 281 
River could explain the high subsidence rate registered in this area during the second study period.  282 
Regardless of the effects attributed to the variations in the piezometric level, it is obvious that the 283 
geomorphologic behaviour of these units clearly differs from that of the units located further away from the 284 
river. The successive channelisations performed during the 20th century have produced a remarkable vertical 285 
accretion on the main channel and a considerable reduction of the fine sediment supply to the alluvial 286 
floodplain.The increasing concentration of relatively plastic fine sediments on the bottom of the main channel 287 
during the 20th century explains the higher compressibility of these units, especially in the corrected channel in 288 
1981 (ACH 1981). In this case, the sediment recruitment by embankments is especially significant.  289 
In the areas near the river, the lowest mean subsidence rates were found in the AC (from -9.43 to -10.45 mm) 290 
and LAC (-11.18 mm for 1995-2005) units (Fig. 4). 291 
The meanders abandoned before channelisation (AMP) have deformation values slightly lower than those for 292 
active ones or meanders isolated recently from the present thalweg (-10.49 mm in 1995-2005 and -19.69 mm in 293 
2004-2008) (Fig. 4). Although they are usually located in a buffer area less than 1.5 km from the river course, 294 
several centuries have elapsed since their cut-offs. The course of the river near Murcia city during the Muslim 295 
period seems to be similar to the 20th century course, before its whole channelisation (Estrella Sevilla and 296 
García-Ayllón 2012). As the abandoned meanders become further from the current thalweg, the mean 297 
accumulated subsidence decreases. In fact, the older abandoned meanders (OAM) located in the southern part of 298 
the valley, 3-4 km from the river, had the highest degree of stability of these units, exhibiting cumulative 299 
displacements of less than 4.5 mm in 1995-2005 and -13.5 mm in 2004-2008 (Fig. 4).  300 
Finally, we should mention three marginal units around the valley bottom, which have the highest stability rates: 301 
i) the distributary channels in the area of affluence from the Guadalentín River to the Segura River (DCH-G); ii) 302 
the fluvial terraces of the Segura River surrounding the Alcantarilla town (T); and iii) the alluvial fans that flank 303 
the VMSR (AF). In the case of the DCH-G unit the low number of PSs present (29 PSs/km2) reduces the 304 
reliability of the rates obtained. However, for the fluvial terraces (T) and the alluvial fans (AF), the density of 305 
PSs is much higher (486 and 101 PSs/km2, respectively, in 1995-2005) and this considerably increases the 306 
statistical reliability of the results. In both cases and for analysis periods, the mean accumulated displacement 307 
was less than -6 mm, while the standard deviation values are quite low compared to those estimated for the 308 
remaining units (σ between 4.6 and 7.2 for the period 2004-2008). 309 
 310 
Lateral acretion zones (LAC) 311 
 312 
The LAC show a sedimentary series with grain-decreasing tendency (Fig. 5, G-179 and G-197), composed of the 313 
following lithofacies, from wall to top: (a) sands with crossed trough stratification; (b) sandy silt ripple marks 314 
and small-scale cross-stratification; and (c) laminated silty clays. This sequence type has lower ground 315 
compressibility than recently active channels (now abandoned meanders). Nonetheless, drastic drops in the 316 
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groundwater level during long droughts (e.g. period 2005-2007) have resulted in non-negligible subsidence rates 317 
(> 4 mm/year) for LAC. 318 
 319 
Artificial cutoff by channelisation in 1981 (AC)  320 
 321 
Abandoned meanders have recently appeared due to the artificial cut-offs caused by the channelisation of the 322 
Lower Segura in 1981. Since this date, the segregated meanders have stopped being active, but they have not 323 
received any deposits due to the lack of overflow events in the channelled river reach. As a result, these channels 324 
do not have the grain-decreasing sequence (fining upwards) with an upper clay level, observed in natural 325 
abandoned meanders. On the contrary, they were filled by slightly compacted made-man deposits consisting 326 
mainly of silts and sandy-silts. Their moderate compressibility led to low subsidence rates for both analysis 327 
periods (less than 2 mm/year). 328 
 329 
Abandoned meanders before channelisation (AMP) 330 
 331 
The sediment loads that currently feed these reaches are mainly made up of fine sand, silt and clay, with gravels 332 
and pebbles being very scarce or non-existent. The recent evolution of the Lower Segura on its course through 333 
the Vega Media makes it possible to distinguish 11 traces of abandoned meanders, which can be grouped into 334 
two types (Type I and Type II). 335 
Type I is composed of meanders abandoned due to dominant neck cut-off processes with minor chute cut-off 336 
phases (AM 0, 3, 6 and 8).  However, Type II meanders include abandoned meanders with different curvature 337 
radii and wavelengths with long point bars and very homogeneous channel fillings (AM 4, 5, 7, 9 and 10). These 338 
are filling deposits caused by chute cut-off phenomena, associated with the progressive shortening of their 339 
length, the rehabilitation of old subsidiary channels or the excavation of local depressions existing between the 340 
cordons of the meander. Consequently, the filling series of Type I show an upper stretch of well developed 341 
vertical silt-clay accretion, on top of another stretch that is less thick in silts, sands or gravels, corresponding to 342 
the abandonment phase (Fig. 5, G-84 and G-91). The relatively young age of some of these fillings (i.e. AM 6 343 
and 8) confers on them a very low degree of compaction. Furthermore, the upper clay part of the Type II series 344 
usually has a lower thickness than the underlain silty-sand sediments which originated throughout the meander 345 
abandonment stage. For these cases, the young age and the compaction degree of the deposits is quite variable, 346 
depending on the channel displacement or migration phase. 347 
Usually these abandoned meanders (AMP) show high subsidence values (Fig. 6). They had maximum 348 
displacement values of -33.6 and -30.6 mm for the 1995-2005 and 2004-2008 periods, respectively. For all 349 
cases, a silty-clay formation with a thickness greater than 10 m, which eventually could include interbedded sand 350 
layers, is present. The percentage of the mentioned sand layers could explain the differing degrees of 351 
deformation of the Type I and II abandoned meanders resulting from the fall in the piezometric level that 352 
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affected the area, mainly during the second period analysed (2004-2008). Meanders 0 and 8 (AMP Type I), 353 
constituted by thick low plasticity clay and silt layers, exhibited the highest mean displacements for both periods. 354 
However, meanders nr. 7 and 10 (AMP Type II), which show several levels of lenticular interbedded sand, are 355 
the most stable, exhibiting displacements of up to -8.3 mm. The comparison of the displacement values for both 356 
periods derived from InSAR clearly shows the influence of the temporal fluctuation of the piezometric level.  357 
The CHS (2007a) and Mulas et al. (2010) documented the occurrence of a large piezometric fall in this area 358 
between 2006 and 2007, due to the effects of a severe drought episode which affected the VMSR from July 2005 359 
to April 2007. This fact would explain why, considering the deformational behaviour of the different 360 
sedimentary bodies that constitute the meanders, most of them suffered their highest deformation during the 361 
2004-2008 period rather than during 1995-2005. These increments varied from 6.2 mm (AM 6) to 18.1 mm (AM 362 
8) (Fig. 6), and only in abandoned meanders 0 and 4 did subsidence decrease. Nevertheless it must be taken into 363 
account that due to the small size of these units, sometimes only a small number of PSs are available for the 364 
study of their deformational behaviour (e.g. meanders nr. 0, 2, 9 and 10 include less than 10 PSs). Note that for 365 
every detected PS from the A-DInSAR analysis of the ERS & ENVISAT satellite images, displacement 366 
measurements represent the deformation behaviour of those elements (buildings, urban structures, 367 
geomorphological units, etc.) included within a 4 m x 20 m area of the ground surface. Therefore the presence of 368 
few PS points within several meander units could lead to a bias in the interpretation.  369 
 370 
Non-active floodplain and spilling zones (FP-SP) 371 
 372 
The sediment data available for the floods occurring during the period 1879-1956 have allowed us to 373 
differentiate between two subunits: (a) the non-active floodplain (FP) composed of fine materials (silt and clay) 374 
in the parts which are furthest from the channel (Fig. 5, G-388 and G-396) and somewhat coarse material (sands) 375 
in the natural dykes that border its banks (Fig. 5, G-239) (the latter being characterised by ripple type 376 
sedimentary structures and horizontal lamination); and (b) spilling zones (SP) or crevasse splays fed by sandy-377 
silt and sandy sediment supplies (Fig. 5, G-402 and 406) following a breakage of  natural levees over the 378 
concave banks during flooding events. In general both alluvial subunits (FP and SP) showed behaviour similar to 379 
that of the lateral accretion zones (LAC), with mean deformation values of -1.5 to -4 mm/year. The mean 380 
standard deviation is low for FP-SP, due to the higher number of available PSs contained within this unit. 381 
 382 
Fluvial Terraces (T, G-T and SG-T) 383 
 384 
The geomorphological interpretation of these terrace levels is somewhat more complex due to the large number 385 
of factors that have affected their genesis. In some cases, the normal ranking of fluvial surfaces has been greatly 386 
altered by recent tectonic manifestations or by anthropic action itself (agricultural terraces). The origin of the 387 
Segura and Guadalentín terraces has traditionally been linked to glacioeustatic type phenomena and climatic 388 
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fluctuations (López-Bermúdez and Thornes 1986; Silva et al. 2008). However, a large part of this alluvial system 389 
has always been affected by intense neotectonic activity (Silva et al. 2004). In fact, the T1 and T2 levels contain 390 
deformations and, locally, they have significant steps which have favoured their alluvial filling. 391 
The T1 level (21 m), considered as the oldest, is supported by an erosive base on a conglomeratic Miocene 392 
substrate (Fig. 7a), being visible at a thickness of 3 to 4 m. Its basal deposits are strongly cemented by 393 
carbonates of a synsedimentary and phreatic origin. In general, the Gm sedimentary facies predominate and are 394 
characterised by an extended grain size distribution (σ = 6.2 to 8.0), with median values (D50) of about 1.5 cm 395 
and an 84th percentile (D84) between 6.6 and 7 cm. Only occasionally do isolated blocks with sizes of 23 to 27 396 
cm appear (Table 4). 397 
Level T2 is made up mainly of type Fm and Gp sedimentary facies (Fig.s 7b, 8b and 8c). The first of these are 398 
represented by silt and clay deposits without any apparent structure, with a thickness varying from a few 399 
millimetres (with an Fl appearance) to several dozen centimetres (AVT = 0.8 -2.2 m). The lower limit of these 400 
layers sometimes takes the shape of other underlying primary structures (i.e. bedforms), such as ripples and 401 
alluvial bars. Stratified with Fm are Gt lithofacies, made up of grain sizes which are slightly lower than those of 402 
Gm in T1 (D50 = 0.9 to 1.3 cm; D84 = 5.5 to 6 cm; LGS = 11.7 to 14.0 cm) (Table 4). In this case, these are 403 
detritic deposits with a concave base (broad, shallow, scoop-shaped), decreasing grain tendency and poor 404 
classification (σ = 6.5 to 8.2). 405 
The T3 terrace (14 m) has a sedimentary series dominated by fine material with Fr, Fm, Sh and St facies which 406 
are not cemented (Fig. 7c). The scarce compaction of the sediments and their lower topographical position make 407 
them relatively young. In G-T1, Gm facies predominate, integrated in this case by badly-classified deposits of 408 
massive angular clasts with a grain-supported texture (σ = 5.7 to 7.4) (Table 4). Finally, the SG-T3 formation is 409 
very similar to the T3 level; it is very common to find the sequences with total domination of the Fm facies and 410 
with interbedding of thin sandy layers (St). 411 
According to these lithoestratigraphic features, the fluvial terraces show a stable behaviour (Fig. 9) in terms of 412 
the A-DInSAR measurements for the periods analysed (i.e. average cumulative subsidence of less than -6 mm), 413 
except for unit SG-T3 - that exhibited an average cumulative subsidence of -8.6 mm between 2004 and 2008. 414 
This unit has the highest silt and clay content (70%) and greatest thickness (1.4-3.2 m) (Table 4); in 415 
consequence, a higher compressibility is expected. Within this group, the oldest terraces with the highest level of 416 
cementation (G-T1, T1 and T2) are the most stable units. 417 
 418 
Alluvial fans (AF, GAF and AFG) 419 
 420 
AF subunits.   These units show a clear evolution from debris-flow to sheet-flow dominated fans, a tendency that 421 
seems to be quite common in other alluvial systems in southeast Spain (Harvey 1984, 1990, Viseras et al. 2003). 422 
The aggradational sequences of these fans show a net dominance of the Gm (Gmm and Gmg), Gt, Sm, St and Sh 423 
facies, locally cemented in the lower stretch of the series (Fig. 10). It is possible to see a progressive grain-424 
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decreasing tendency from the basal conglomerates to the silt and sandy layers with small clasts that crown the 425 
formation. On the surface there are signs of an ancient limy crust, currently broken by anthropic action. 426 
 427 
GAF Subunit.   The following recognized lithofacies are found in this subunit from top to bottom: 1) silts and 428 
fine sands, arranged in horizontal layers, which become silty clay material in the distal zone (with a thickness of 429 
1.5 to 2 m); 2) Fl combined with Sh (laminated sands) and St (with a thickness of 2-3.5 m) (Fig. 10), suggesting 430 
high flow stages and partial exoreic drainage from the Librilla and Algeciras ephemeral channels to the 431 
Guadalentín–Segura Rivers (unit 4 in the Lower Guadalentín, 3885 ± 60 BP); 3) Fm and Fl (massive and 432 
laminated silty clays) with interbedded fine sands (with a maximum thickness of 2-2.5 m), providing evidence of 433 
a low energy alluvial distal plain environment (unit 3 in the Lower Guadalentín -Calmel-Avila 2002-, dated from 434 
6340 ± 60 BP to 4305 ± 55 BP - Silva et al. 2008-). 435 
 436 
AFG subunits.   The channels crossing these alluvial fans lose their craggy cross-section in the middle and lower 437 
reaches, leading to laminar sheet flows with a large lateral extension and with hardly any energy. In this way, 438 
alluvial fans are joined together by a flat or slightly wavy surface. They are mainly made up of silty-sandy 439 
deposits, which are interspersed with clay layers, and - to a lesser degree - conglomerate facies. The coarsest 440 
detritic materials adopt a tabular geometry in the upper areas and a channel-like cross-section with a lenticular 441 
structure in the middle parts.  442 
The spatial distribution of the PSs used for the analysis of the cumulative displacement distribution in the 443 
alluvial fans (AF) and abandoned meanders before channelisation (AMP) is shown in Fig. 11. 444 
The alluvial fans exhibited a generally stable behaviour (Fig. 12), with a peak average cumulative subsidence of 445 
-9.8 mm for the GAF unit during the period 2004-2008. Note that, as previously reported, AF alluvial fans (AF1, 446 
AF2) and AFG (AFG1 and AFG2) are partially cemented and hence less deformation is expected. This can be 447 
appreciated in Fig. 10, where the AF units show average cumulative subsidence values of less than 6 mm for 448 
both periods. 449 
Within this group, the greatest subsidence was measured in the GAF unit. This is due to the fact that this unit is 450 
composed of fine-grained sediments retrieved from the final part of the Guadalentín River drainage system. Note 451 
that, unlike the AF units, GAF, particularly its distal area, is formed by fine, non-compacted materials deposited 452 
in the alluvial plain under subcritical hydraulic regime conditions.  453 
 454 
Subsidence pattern: significance and contextualisation 455 
 456 
In general, there is an intimate connection between lithostratigraphy, faults, ground-water withdrawal and 457 
subsidence. As is well known, the magnitude of the subsidence induced by water withdrawal essentially depends 458 
on the deformability of the soil, its thickness and the magnitude and duration of the water level fall (Tomás et al. 459 
2010). Thus, under similar conditions (i.e. assuming a uniform water level decrease, acting during a certain time 460 
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period), land subsidence mainly depends on the thickness and compressibility of the different sedimentary units. 461 
Consequently, a difference in the subsidence behaviour is expected for different lithostratigraphic units that are 462 
more or less cemented. Otherwise, fault activity can overlap water extraction induced subsidence. However, 463 
tectonic subsidence usually affects wide areas constituting an additional constant subsidence or uplift rate which 464 
can be easily subtracted from the general subsidence trend. In the VMSR, tectonic subsidence is several orders of 465 
magnitude lower than the subsidence induced by water withdrawal and consequently, can be neglected in this 466 
study. The following subsections show the different deformational patterns and the effect of drought periods on 467 
land subsidence induced by water withdrawal. 468 
 469 
A differential subsidence pattern associated with active faults and alluvial forms 470 
 471 
At present, there are many descriptions of subsidence patterns associated with faults. Examples of these are the 472 
patterns described by Amelung et al. (1999) for Las Vegas Valley, using InSAR-derived surface-deformation 473 
maps, and by Galloway et al. (2000) for San Jose near to the Silver Creek fault, from time-sequential 474 
interferograms. Also, stratigraphy studies have focused on this type of patterns. Such is the case of the 475 
chronostratigraphic study performed by Cinti et al. (2008) in the Grottaperfetta alluvial valley, where lateral 476 
variations in the elevation of different stratigraphic boundaries were associated with a fault system. In other 477 
alluvial valleys, like that of Mashhad, the subsidence area is structurally controlled by the trends of Quaternary 478 
faults causing very high subsidence rates in the softest fine-grained (up to 15 cm yr−1 between 2003 and 2005 479 
from InSAR data) (Motagh et al.  2007).  480 
The VMSR is part of a broad trough whose evolution and stratigraphy have been clearly influenced by tectonics 481 
at the regional scale. The presence of active regional faults in the northern and southern limits of the VMSR 482 
causes a tectonic subsidence that affects the entire valley. In addition, differing sediment ages and 483 
lithostratigraphic differences between adjacent alluvial forms lead to variable rates of ground elevation, 484 
suggesting a differential subsidence pattern. The oldest terraces and alluvial fans currently have high stability 485 
and low compressibility, while the alluvial forms adjacent to the river are part of the historical pattern of regional 486 
subsidence of the valley floor.  487 
The dominance of massive and bedded gravels in the older alluvial fans (subunit AF) makes them currently one 488 
of the most stable landforms of the study area, with vertical displacements between -5 and +5 mm/yr. These low 489 
rates are consistent with those recorded by InSAR for the other gravel fans (Baer et al. 2002). However, the 490 
analysis of the stratigraphic architecture and aggradational sequence sets in AF located in the southeast of the 491 
VMSR reveals the long-term existence of a near-surface subsidence pattern associated with the Neogene fault 492 
system. This strata stacking pattern was described previously by Viseras et al. (2003) in the lower Segura basin. 493 
A similar near-subsidence pattern was also proposed by Bull (1964) in western Fresno County, for alluvial-fan 494 
deposits characterised by a variety of textural and structural features (graded bedding, laminations, crossbedding 495 
and imbricated larger fragments). 496 
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Changes in fluvial terrace elevations are often also related to the presence of active faults. Analysis of the 497 
deformation of river terraces has long been a tool for neotectonic studies, particularly those that aim to discover 498 
the rates and patterns of deformation and rock uplift associated with active faulting processes. Thereby, Hubert-499 
Ferrari et al. (2002) suggested ground deformation rates of 18.4 ± 2.6 mm/yr and 17.8 ± 5.3 mm/yr for 10,000-500 
12,000 yr old and 1600-4000 yr old stream terrace offsets, respectively, along the northern Anatolian Fault, and 501 
Gray (2007) estimated an average uplift rate of 11.3 ± 3.6 mm/yr for the last 1400 cal. yr B.P. in deformed 502 
Holocene strath terraces of the Bieh River, eastern Taiwan. In the VMSR, the stratigraphic discontinuity 503 
observed in the upper terrace levels (GT1, T1 and T2), of the Late Pleistocene and Holocene, does not reflect 504 
uplift processes, but rather a tectonic subsidence pattern, clearly influenced by the Alhama fault. At present, the 505 
InSAR-measured displacement on these terraces is negligible, with subsidence rates of about 1 mm/yr or less 506 
during the period 1995-2008 - consistent with the historical pattern of elevation stability of the oldest alluvial 507 
forms in this study area. 508 
The most variable deformation rates along the VMSR were observed in the flat valley-floor (from -5 mm to -30 509 
mm for the period 2004-2008). These data are consistent with extensometer measurements obtained in the 510 
Murcia plain between February 2001 and October 2008 (accumulated deformation from -10,8 mm to -49,1 mm) 511 
(Mulas et al. 2010).The spatial variability of displacement rates in these flat areas is not due to the process of 512 
tectonic subsidence, but rather to the different compressibility of their lithostratigraphic units. Young 513 
sedimentary sequences, caused by the succession of various cycles of stability and meander migration over the 514 
past centuries, alternate with stratigraphic stretches of fine, more consolidated materials (silts and clays) 515 
deposited during historic phases of floodplain aggradation (Conesa-García 2012). Very variable subsidence 516 
values have also been obtained using InSAR in various Mediterranean floodplains, such as the Emilia-Romagna 517 
area, in the Po Plain (-2 mm/yr to -39 mm/yr) during recent decades (Amorosi et al. 2004), the flat plain of 518 
southern Lombardia (displacements from -10 to -30 mm for the period 1992 to 2000) (Meisina et al. 2006), the 519 
Lucca floodplain (Central Italy) (about 20-30 mm during 1992-2003) (Disperati et al. 2006) and the Campanian 520 
Plain, Southern Italy (up to -5 mm/yr from 1995 to 2011) (Cascini et al. 2013 and Peduto et al. 2015). 521 
Nevertheless, in contrast to the VMSR, in these plains there is a lower presence of fine-grained materials, 522 
particularly in Emilia Romana, where the main channel-related lithofacies are massive, horizontally- or cross-523 
stratified gravels, the chutes or abandoned channels consist of lens-shaped sand bodies topping gravel units, and 524 
in flood areas coarse-grained sediments are often abruptly overlain by tabular silty-clay deposits. 525 
 526 
Subsidence related to ground-water withdrawals during drought periods 527 
As it is well known, subsidence is due to the consolidation of fine-grained sediments derived from the gradual 528 
reduction of voids in the soft sediments when large amounts of groundwater are withdrawn from the aquifers. 529 
Worldwide examples confirm this correlation between variation in groundwater table level due to water 530 
withdrawal and land surface displacement, for example, in Las Vegas Valley, Nevada (Hoffmann et al. 2001), 531 
Antelope Valley and Santa Clara Valley, California (Galloway et al. 1998) and theToluca Valley, Mexico 532 
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(Calderheadet al. 2011). In the VMSR, decreases in the piezometric level are mainly due to increases in water 533 
extraction. These water extractions have increased considerably since the 1970s due to the growing water 534 
demand for domestic, agricultural and industrial uses. Note that in 2011 the study area had a population density 535 
higher than 300 inhabitants per square kilometre and the population of the region has almost doubled since the 536 
1960s (INE 2014). In order to attend this water demand, more than 600 domestic and agricultural wells which 537 
extract water from the VMSR aquifer are estimated to exist in this valley (CHS 2007b; Tomás et al. 2011). Of 538 
these wells, 24 were called “drought wells” because they maintain the water supply during drought periods. In 539 
this context, the effects of drought on groundwater levels and associated subsidence in the VMSR are very 540 
significant. During the periods 1993–1995 and 2005–2008, severe drought episodes caused the piezometric level 541 
to fall by up to 8 and 10 m, respectively (Tomás 2009), as well as producing displacements of the ground surface 542 
(i.e. settlement due to the consolidation of underlying layers), which strongly reflected the response of the 543 
different underlying alluvial units. Consequently, important damage to buildings and other structures, with an 544 
estimated cost of 50 million euros and a significant social impact, was reported by Martínez et al. (2004) for the 545 
first drought period (1993-1995). For the second, more recent drought episode, some minor new damage was 546 
also described (Herrera et al. 2010; Bru et al. 2013). Under such conditions (general groundwater withdrawals, 547 
associated with severe drought episodes), A-DInSAR has proved to be a suitable complementary instrument for 548 
the identification in the VMSR of different deformation patterns, associated with differing alluvial landforms. 549 
Conclusions 550 
 551 
The results from this analysis reveal slightly different deformation behaviours of the different alluvial units: (1) 552 
Abandoned meanders near to the river are the youngest units and, as a consequence, show the highest subsidence 553 
of the study area. However due to the small size of these units few PS points have been detected in several 554 
meanders and hence the interpretation could be biased; (2) Fluvial terraces show a stable behaviour - except for 555 
unit SG-T3, which is the youngest and has the highest silt and clay content and the greatest thickness; (3) 556 
Alluvial fans exhibit, as expected, a generally stable behaviour, which is controlled by the cementation level. On 557 
the other hand, the GAF unit is formed by fine, non-compacted materials deposited on the alluvial plain under 558 
subcritical hydraulic regime conditions, where Fl facies are dominant. Consequently, highly deformable areas 559 
are controlled mainly by the non-active floodplain and recently abandoned meanders (active channels during the 560 
20thcentury), and moderate deformation affects the lower terraces close to Alcantarilla town and older meanders 561 
located in the confluence of the Guadalentín and Segura Rivers (south of Murcia city). Finally, non-562 
deformational alluvial units are represented by consolidated alluvial fans and upper fluvial terraces. 563 
Taking into account the limitations involved in this analysis, mainly related to the small size of certain alluvial 564 
units and the resolution provided by the A-DInSAR processing of ERS & ENVISAT SAR images, high 565 
resolution images will be used in future work. The future exploitation of TerraSAR-X images with an improved 566 
spatial resolution of 1.6 m by 1.9 m in the Strip map mode could improve the geomorphological analysis of 567 
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smaller alluvial forms (e.g. the abandoned urbanized meanders) although the vegetated areas or farmlands can be 568 
affected by decorrelation, as the shorter wavelength can be backscattered more easily from smaller particles. 569 
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 807 
 808 
 809 
 810 
 811 
 812 
 813 
 814 
 815 
Table 1. Lithofacies and interpretations used in this study*.  816 
 817 
Lithofacies 
code 
Description Interpretation 
Gmm 
Massive, matrix-supported gravel to pebble  
conglomerate, poorly sorted, disorganized,  
unstratiﬁed 
Deposition by cohesive mud-matrix debris  
flows 
Gm Massive or crudely bedded gravel Longitudinal bars, lag deposits, sieve deposits 
Gt Trough cross-beds, clast supported gravel Minor channel fills 
Gp 
Planar cross-beds gravel and/or matrix-supported 
gravel 
Linguoid (traverse) bars. Formed as bars mi-
grated into deeper water. 
Sm Massive sand 
Very rapid deposition from suspension or from 
highly concentrated sandy sediment dispersions 
St Trough cross-stratified sand Dunes (lower flow regime) 
Sp Planar cross-stratified sand 
Linguoid (traverse) bars. Sand waves (lower 
flow regime) 
Sr Ripple marks and small-scale cross-stratification Ripples (lower flow regime) 
Sh Horizontally stratified sand Planar bed flow (lower and upper flow regime) 
Fl Laminated or cross-laminated fine sand, silt or clay Overbank or waning flood deposits 
Fm Massive, fine sandy clay or clay Overbank or drape deposits 
Fr Massive silt and clay, sometimes bioturbed Deposition from suspension in floodplain areas 
 
*Codes and descriptions from Miall (1996). 
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 831 
 832 
 833 
 834 
 835 
 836 
 837 
 838 
 839 
 840 
Table 2. Main characteristics of the processed data stacks of the Vega Media of the Segura River. 841 
 842 
Data stack λ  Orbit θ  RC GRR Time interval NS 
Processing 
technique 
PS density 
(PS/km2) 
GA 
ERS1/2 
5.6 Desc. 23 35 20 
21/07/1995-
22/10/2005 
38 
SPN 
157 5 
ERS2 ENVISAT 31/01/2004-
20/12/2008 
51 102 3 
 843 
λ, wavelength (cm); θ, look angle (º); Desc. = descending; RP = Repeat cycle (days); GRR = Ground range resolution 844 
(m); NS = Number of scene; GA = Georeference accuracy (m). 845 
 846 
 847 
 848 
 849 
 850 
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 862 
 863 
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 865 
 866 
 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
Table 3. Information about InSAR data coverage for each alluvial unit.  875 
 876 
Alluvial units LAC AC AMP FP-SP T G-T SG-T AF GAF AFG 
Area (km2) 1.81 0.78 1.68 4.22 --------- 3,63 ---------- ------- 78.89 -------- 
1995-2006 
PS 223 513 839 1311 1287 312 166 3588 1808 2613 
PS/km2 123 654 500 311 354 86 46 45 23 33 
2004-2008 
PS 91 236 371 590 670 156 83 1616 1707 935 
PS/km2 50 301 221 140 184 43 23 20 22 12 
 877 
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 897 
 898 
 899 
 900 
 901 
 902 
 903 
 904 
 905 
 906 
Table 4. Sedimentary facies and grain-size distributions in different fluvial terraces. Contraparada 907 
Area, Alcantarilla 908 
Main sedimentary facies 
Secondary 
facies 
% 
Fluvial 
terrace 
NSS Facies 
AVT 
(m) 
LGS 
(mm) 
D84 
(mm) 
D50 
(mm) σ DC Facies 
AVT 
(m) 
PG S SC 
G-T1 2 Gm 1.0-1.6 130-175 47-55 10-14 5.8-7.4 M St 0.3-0.5 24 49 27 
T1 3 Gm 2.0 – 2.7 230-270 66-70 11-17 6.2-8.0 H* 
Gt, Gp 0.5-1.0 
32 45 23 
St 0.4-0.8 
T2 3 
Fm 0.8-2.2 --- 0.07-0.08 0.04-0.06 1.7-2.1 L Fl 0.2-0.5 
20 36 44 
Gp 0.7-1.5 117-140 55-60 9-13 6.5-8.2 M Sh, St 0.3-0.7 
T3 3 
Fm 1.5-2.4 --- 0.08-0.10 0.05-0.08 1.9-2.3 NC 
Gp, Gt 0.25-0.6 9 26 65 
Sh, St 0.4-0.7 --- 0.75-1.12 0.13-0.25 2.8-3.7 L 
SG-T3 2 Fm 1.4-3.2 --- 0.09-0.11 0.05-0.07 1.6-2.1 NC St 0.4-1.0 2 28 70 
 909 
NSS = Number of sampled series; AVT = Accumulated visible thickness; LGS = Largest grain-size; DC = 910 
Degree of cementation (H* High at the series base; M = Middle; L = Low; NC = Non-cemented); σ = Trask's 911 
sorting index. PG = Pebbles and gravels; S = Sands, SC = Silts and clays. Facies classification is based on Miall 912 
(1996).   913 
 914 
 915 
 916 
 917 
 918 
 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
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FIGURE CAPTIONS 927 
 928 
Fig. 1.  Geological setting of the Vega Baja and Media of the Segura River Basin (based on Montenat 1977). 929 
 930 
Fig. 2.  Aerial photographs showing representative alluvial units in the study area: a) artificial cut-offs (AC); b) 931 
lateral accretion zones (LAC); c) and d) abandoned meanders before channelization (AMP); e) fluvial terraces (T 932 
and G-T), f) alluvial fans (AF). Borehole codes correspond to lithology logs in Fig. 5. 933 
 934 
Fig. 3.  (Upper) Mapped geomorphological units. (Middle) Overlaying of A-DInSAR data (1995-2005) and ge-935 
omorphological units. (Lower) Overlaying of A-DInSAR data (2004-2008) and alluvial units. 936 
 937 
Fig. 4.  InSAR displacements of the different mapped alluvial units for the two studied periods (1995-2006 and 938 
2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent Scatterers for each allu-939 
vial unit. 940 
 941 
Fig. 5.  Lithostratigraphic descriptions of boreholes drilled on alluvial units AMP, LAC y FS-SP. Source: Tomás 942 
et al. (2009). See location of boreholes in Fig. 2. 943 
 944 
Fig. 6.  InSAR displacements of the different mapped meanders (AMP) for the two studied periods (1995-2006 945 
and 2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent Scatterers for each 946 
geomorphological unit. 947 
 948 
Fig. 7.  (a) Base of Terrace T1: Gm facies on continental conglomerates of the upper Miocene; (b) sedimentary 949 
series in T2, from wall to ceiling: Gm, Fm, Gp, Fl, Sh; (c) T3 terrace: Fr facies in lateral contact with a Gt depos-950 
it. 951 
 952 
Fig. 8.  (a) Terrace surface T2; (b) Sedimentary series in T2 with a predominance of Gp, St and Fm facies; (c) a 953 
detail of picture (b): Gp facies inserted between Fm deposits. 954 
 955 
Fig. 9.   InSAR displacements of the different mapped river terraces. σ is the standard deviation and Nr. PS is the 956 
number of available Persistent Scatterers for each geomorphological unit. 957 
 958 
Fig. 10.  Typical facies from basal areas of Carrascoy alluvial fans (AF) and inflow area of the Guadalentin allu-959 
vial fan in the Segura river (GAF). ChF, channel facies; IchF, interchannel facies. Note that in GAF, (a) the se-960 
ries are predominantly composed of silty-clays layers and in GAF (b) are mainly composed of channel and inter-961 
channel deposits. 962 
 963 
Page 27 of 43 Geografiska Annaler: Series A, Physical Geography
For Review Only
27 
 
Fig. 11.  Left: overlaying of InSAR data (1995-2005) with alluvial fan units (upper) and abandoned meander 964 
units (lower).  Right: overlaying of InSAR data (2004-2008) with alluvial fan units (upper) and abandoned me-965 
ander units (lower). 966 
 967 
Fig. 12.  InSAR displacements of the different mapped alluvial fans (AF) for the two studied periods (1995-2006 968 
and 2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent Scatterers for each 969 
geomorphological unit. 970 
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Fig. 1.  Geological setting of the Vega Baja and Media of the Segura River Basin (based on Montenat 1977). 
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Fig. 2.  Aerial photographs showing representative alluvial units in the study area: a) artificial cut-offs (AC); 
b) lateral accretion zones (LAC); c) and d) abandoned meanders before channelization (AMP); e) fluvial 
terraces (T and G-T), f) alluvial fans (AF). Borehole codes correspond to lithology logs in Fig. 5.  
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Fig. 3. (Upper) Mapped geomorphological units. (Middle) Overlaying of A-DInSAR data (1995-2005) and 
geomorphological units. (Lower) Overlaying of A-DInSAR data (2004-2008) and alluvial units.  
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Fig. 4.  InSAR displacements of the different mapped alluvial units for the two studied periods (1995-2006 
and 2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent Scatterers for 
each alluvial unit.  
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Fig. 5.  Lithostratigraphic descriptions of boreholes drilled on alluvial units AMP, LAC y FS-SP. Source: Tomás 
et al. (2009). See location of boreholes in Fig. 2.  
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Fig. 6.  InSAR displacements of the different mapped meanders (AMP) for the two studied periods (1995-
2006 and 2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent 
Scatterers for each geomorphological unit.  
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Fig. 7.  (a) Base of Terrace T1: Gm facies on continental conglomerates of the upper Miocene; (b) 
sedimentary series in T2, from wall to ceiling: Gm, Fm, Gp, Fl, Sh; (c) T3 terrace: Fr facies in lateral contact 
with a Gt deposit.  
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Fig. 8.  (a) Terrace surface T2; (b) Sedimentary series in T2 with a predominance of Gp, St and Fm facies; 
(c) a detail of picture (b): Gp facies inserted between Fm deposits.  
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Fig. 9.   InSAR displacements of the different mapped river terraces. σ is the standard deviation and Nr. PS 
is the number of available Persistent Scatterers for each geomorphological unit.  
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Fig. 10.  Typical facies from basal areas of Carrascoy alluvial fans (AF) and inflow area of the Guadalentin 
alluvial fan in the Segura river (GAF). ChF, channel facies; IchF, interchannel facies. Note that in GAF, (a) 
the series are predominantly composed of silty-clays layers and in GAF (b) are mainly composed of channel 
and interchannel deposits.  
118x111mm (300 x 300 DPI)  
 
 
Page 38 of 43Geografiska Annaler: Series A, Physical Geography
For Review Only
  
 
 
Fig. 11.  Left: overlaying of InSAR data (1995-2005) with alluvial fan units (upper) and abandoned meander 
units (lower).  Right: overlaying of InSAR data (2004-2008) with alluvial fan units (upper) and abandoned 
meander units (lower).  
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Fig. 12.  InSAR displacements of the different mapped alluvial fans (AF) for the two studied periods (1995-
2006 and 2004-2008). σ is the standard deviation and Nr. PS is the number of available Persistent 
Scatterers for each geomorphological unit.  
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